In point-to-plane corona discharges in air, the collisions of charged particles with neutral particles induce a gas movement between the point to the plane called electric wind. A one-dimensional model of the neutral particle velocity along the discharge axis and between the electrodes is first developed. Laser Doppler Anemometry is used to measure the axial velocity profile of the gas between the electrodes. Discrepancies between experimental results and predictions of the on-axis velocity are discussed. Finally, the measured velocity profile compares quite well with a cos 5 θ distribution. Significant differences between measured and cos 5 θ profiles are observed near the discharge axis which could be attributed to the presence of seeding particles.
Introduction
Various aspects of corona discharges in atmospheric air have been extensively studied both experimentally and theoretically [1] [2] [3] [4] [5] [6] [7] [8] . However, the gas flow between pointto-plane electrodes has not yet been investigated in detail. This is largely due to the difficulty in measuring the particle velocity without disturbing the electric and geometric properties of the corona discharges.
The objective of this work is to measure the particle velocity distribution in negative point-to-plane corona in air with normal atmospheric conditions by means of Laser Doppler Anemometry (LDA), and to compare the measurements with predictions. The first section of the paper deals with the properties of the point-to-plane corona discharges. The next section introduces a one-dimensional model of the neutral particle velocity which is based on a work first presented by Robinson [9] and Sigmond et al. [10] [11] [12] . The third section presents the LDA technique and the measured on-axis velocities of the gas flow between the electrodes. In the fourth section, the gas velocity profiles (off-axis velocity) are measured and discussed. The final section gives conclusions and makes recommendations for further work. a e-mail: philippe.bequin@univ-lemans.fr 
Negative point-to-plane corona discharges
Corona discharges are produced in a non-uniform electric field which can be provided by a variety of electrode configurations and shapes. A convenient and often used one is the point-to-plane electrode configuration. When a high DC negative voltage V HT is applied to the point of a pointto-plane system, air in the vicinity of the electrode with a small radius of curvature becomes ionised (Fig. 1) . The charged particles so created form a cloud drifting along the field lines. Because of the geometric effect and the local presence of the cloud, the electric field between electrodes is strongly nonuniform and varies with time as successive clouds drift from one electrode to the other. This phenomenon gives a pulsating electric current in the external circuit [3, 8, [13] [14] [15] and causes an electric wind flowing from the point toward the plane [9] [10] [11] [12] [16] [17] [18] .
Considering a time-averaged distribution of the electric field between the electrodes during a single pulse [19] , two regions can be distinguished (Fig. 1) . The first one, termed the ionisation region, is located at the tip of the point and is characterised by a value of the field higher than the "critical" value E c (E c ≈ 27 kV/cm in air) of the electric field for which electron production by ionisation is exactly compensated by attachment of the electrons on neutral particles. In this region the presence of a sufficiently strong electric field makes the ionisation processes predominant. The field accelerates the free charged particles to undergo ionising collisions with air molecules in the gap generating more electrons and positive ions. During the discharge, the positive ions flow toward the point and induce a ring vortex close to the point. This last phenomena has been pointed out theoretically and numerically by Sigmond et al. [11, 12] .
The second region, termed the drift region, takes place between the ionisation region and the plane, and is characterised by a weaker and an almost uniform value of the electric field (E E c ). Electrons produced by ionisation drift along the weak electric field: the more energetic ones reach the collecting plane, whereas the less energetic ones are captured by neutral particles and then become negative ions (attachment processes predominant). The collisions of charged particles with neutral particle induces movement of air known as electric wind or ionic wind.
Electric wind model -on-axis axial velocity
A literature review dealing with the electric wind is given by Owsenek et al. [20] and Sigmond and Lågstad [12] . Robinson [9] and more recently Sigmond et al. [10] [11] [12] derived an equation modelling one-dimensional electric wind velocity outside the gap and showed that the velocity is proportional to the square root of the discharge current. The model described here is a development of this earlier finding. In the following sections Robinson's work has been the underlying basis, but the fundamentals are expanded to clarify the method, and the results are extended to include, among other details, the fitted parameter β = I e /I i (the ratio of the electric currents I i and I e carried by the electrons and the ions). Very recently Batina et al. [21] has investigated electric wind in a closed vessel with a positive point-to-plane device. The theoretical and numerical results obtained by Batina et al. [21] cannot be directly used or compared with the results of the present study because of the different behaviour between positive and negative discharges and significant differences between flows in a confined enclosure (closed vessel) as opposed to an infinite environment (because of the recirculating flow).
This study deals with the hydrodynamic behaviour of the neutral particles in the drift region (Fig. 1 ). The gas is assumed to be weakly ionised: the density of charged particles is assumed to be much less than the density of neutral particles. A term-by-term analysis of the equations for charged particles in a weakly ionised gas shows the balance between the electric field providing a source of energy and the loss of energy through both elastic and inelastic particle collisions [22] [23] [24] [25] [26] [27] .
The equation of momentum conservation for neutral particles can be written as:
where ρ, P and V g are respectively the neutral-gas particle density, the pressure and the macroscopic gas velocity. The viscous stress tensor = τ accounts for the viscosity phenomena which are associated with the collisions between neutral particles. The quantity F, having a dimension of force per unit volume, is similar to an external action for the gas (predominantly composed of neutral particles), although it is associated with the internal collisions between charged and neutral particles. The associated macroscopic effect is important only in the drift region, where all charged particles flow roughly along the almost parallel field lines.
The momentum of the charged particles is drawn from the total electric field and is transferred to the neutral-gas particles through collisions, the quantity F is given by
where E is the total electric field; m and m i represent the neutral particle mass and the charged particle mass, respectively. The quantity N i is the charged particle density. The quantity F becomes important for either N i high or for a mass ratio (m i /m) close to unity, and then is predominantly related to collisions between negative ions and neutral particles. In order to find an approximate analytical solution of equation (1), the following assumptions are used:
-a steady flow is assumed ( ∂ ∂t ≡ 0); -a parallel flow is considered, all fluid particles move in the same direction (axis of the point); -the static pressure is assumed to be constant in the whole gap: ∇P = 0; -the viscosity effects are ignored; -the electron action on the neutral particles is negligible compared to the negative ion action and the ratio (m i /m) is considered close to unity:
Using the relation between the current density associated to the negative ion J i and the total electric field
with the above assumptions, the equation of momentum conservation for neutral particles is reduced to
where µ i is the mobility of the negative ions (
) and J i is the on-axis current density assumed to be roughly constant between the electrodes. The solution of this ordinary differential equation is deduced to be
where x is the on-axis location between the electrodes, l i the length of the ionisation region, and V x=li the velocity on the interface between the ionisation and the drift region (Fig. 1) . The current density J i is now substituted by the total electric current I which can be directly measured. Using the relation
where β =
Ie
Ii is the ratio of the electric currents I e and I i carried by the electrons and the ions.
With the empirical formula between the current density and the current carried by the negative ions (Warburg law) [28] [29] [30] 
with m ≈ 5 for negative discharges; finally
The gas velocity in the drift region can be expressed as:
The gas velocity is proportional to the square root of the discharge current I, which is in accordance with Robinson [9] , and is a function of the square root of the location (x − l i ) from the ionisation region.
Experimental set-up and results
The main objective of this section is to measure the onaxis gas velocity in a point-to-plane corona discharge by means of Laser Doppler Anemometer. To the best of our knowledge, due to the complexity of the technique, very few studies have been carried out concerning this measure [17, 31, 32] .
Experimental set-up
The point-to-plane system is made up of a stainless steel needle connected with a 1 MΩ current limiting resistance (Fig. 2) . The needle axis is placed perpendicular to a circular flat steel wire gauze (mesh 0.05 × 0.05 mm 2 ;
Ø wire = 0.03 mm). Most of the measurements have been made using one needle having a point radius curvature equal to 45 µm. The frame allows the needle-to-grid gap to be varied from 3 to 10 mm. This frame has been rigidly fixed over a metallic plate. This plate is the cover of a box containing all required electronics, which are thus wired in a fixed position relative to the electrodes. Inside the box, the system described previously is connected in series with a resistance R 1 . The set is fed from an adjustable DC power supply (V HT ) in order to generate corona discharges between electrodes. The supply voltage values V HT are in the range 3 to 8 kV with an associated DC current value I in the range of 25 to 80 µA. The total current I that flows through the air gap is estimated by the measure of the voltage V I across the resistance R 1 , and a high-voltage probe allows to measure the voltage V HT to be measured across the electrodes. All measurements have been performed in ambient air at atmospheric pressure. The set-up was calibrated in order to remove the influence of all electronic circuits but also to estimate parasitic impedance [19, 33] .
Laser Doppler anemometry
For measurement of local flow velocity, the Laser Doppler Anemometer (LDA) is in competition with Pitot Tubes and hot-wire anemometers. Its main advantages relative to these more well-established technique include:
-measurement of velocity is direct rather than by inference from pressure (Pitot tube) or heat-transfer coefficient with non-linear characteristics (hot-wire); -probe volume can be small (≈0.05 mm 3 ).
However, LDA has two main drawbacks:
-the necessity for seeding particles in the fluid; -the complexity of the apparatus, which requires a substantial know-how for an efficient use.
The basic principle of LDA in fluid is described in Figure 3 [34]. A beam splitter divides a laser beam into two coherent beams. Beam optics cause these beams to cross and focus in order to generate an ellipsoidal measuring volume, in which the electromagnetic interferences lead to apparent dark and bright fringes. A seeding particle passing through the probe volume scatters the light from both beams, leading to a diffused light which is detected by a photomultiplier. The electronic signal obtained, called a burst, is weighted by the Gaussian light intensity distribution across the beams section, and frequency modulated by the presence of the interference fringes. The resulting modulation frequency, usually called Doppler frequency f d , is given by the ratio of the velocity component V parX normal to the fringes on the fringe spacing e (≈1 µm):
where λ (≈514.5 nm) is the laser wavelength and θ (≈30 • ) the beams angle (Fig. 3) . To estimate the velocity from a Doppler signal, a Burst Spectrum Analyser (BSA) performs a spectrum analysis (the spectrum analysis consists of the calculation of the power spectrum of the signal through the use of Fourier techniques).
In order to provide seeding particles in the flow, a fog generator based on water condensation (aerosol) is used. The seeding particles should be small enough to follow the gas flow but large enough to significantly scatter the light. In this specific problem, the velocity of the gas flow is small so the quantity of seeding needed is very small, and must be provided at a very low speed (≈10 cm/s) to avoid perturbation of the velocity measurements. Figure 4 shows the current-voltage (I-V HT ) characteristic of the point-to-grid obtained with and without seeding particles (water condensation) and at three different gap lengths (d ≈ 3, 6, 9 mm). With the presence of seeding particle, the corona onset voltage (threshold voltage) and the slope of (I-V HT ) characteristic decrease. At constant applied voltage (V HT ), the current I decreases with the presence of the seeding particles. Figure 5 displays the on-axis axial gas velocity in a needle-to-grid corona discharge with different geometric configurations (gap length d ≈ 3, 6, 9 mm) and electric configurations (25 ≤ I ≤ 80 µA). The errors associated with the measured velocity are principally due to the electric variations of the discharge and are roughly estimated to be ±0.5 m s −1 . The measured velocities between the electrodes have low values (V g < 9 m/s) and the gross feature observed is that the velocity increases with increasing current I, which is in accordance with (Eq. (9)). Whatever the geometric and electric configurations, the measured velocity decreases abruptly near the point and decreases very slowly toward the grid. These behaviours are not predicted by the model which suppose the current density constant along the gap even if the electric field is known as nonuniform. Close to the point, the measuring volume of the LDA technique partially covers the ionisation region and the drift region, the cause of the low velocities measured near the point (2.5 < V g [m/s] < 5) is not clear, but could be due to the presence of the ring vortex gas flow generated by the positive ions [11, 12] . The perturbation of the gas flow near the grid can be attributed to the grid which is not perfectly transparent, and to the presence of water droplets on the grid due to the seeding. Because of the lack of experimental data between the electrodes (data at x = 0 and x = d are disregarded), the model cannot be quantitatively validated, and further investigations are needed.
Results

Electric wind profiles
In this section, the radial distributions of the axial velocity inside a needle-to-grid system are measured and discussed.
Experimental set-up
The radial distribution of the electric wind between the electrodes of a point-to-grid system is also obtained using the Laser Doppler Anemometry. The experimental set-up is identical to that already presented in the previous section (Fig. 6) . The point-to-grid system has been used with the same electric and geometric configurations [35] . Figure 7 displays representative evolutions of the gas velocity profile between the electrodes. Whatever the electric and geometric configuration, the gas flow follows a similar profile, and, as already observed (Fig. 5) , the flow has low velocities near the point. The velocity increases with the increasing distance from the point x. Near the grid, the velocity profile steepens; this behaviour is due to turbulence created by the wires of the grid which is not perfectly transparent. Figure 8 shows a comparison between the measured velocity profile and a cos 5 θ distribution (Warburg law)
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The European Physical Journal Applied Physics where θ is the cone-angle of the discharge (Fig. 6) which is used to model the planar current-density distribution of a negative point-to-plane discharge. The measured velocity profile and the cos 5 θ distribution are in close agreement for r ≥ 1 mm and significant differences can be observed near the discharge axis. These discrepancies could be attributed to the seeding particles. Indeed, the presence of the seeding particle (fog with water particles) introduces humidity between the electrodes which perturbs the electric behaviour of the corona discharge (Fig. 4) . Some authors have investigated the effect of humidity on the current density profiles [36] [37] [38] . The experimental results reveal that the humidity affects the current density profiles and mainly the central characteristics of the profiles [36] . Further investigations are needed to confirm this last hypothesis.
Summary and conclusions
This paper gives the one-dimensional model of the neutral particle velocity associated with a gas flow inside a negative point-to-plane corona discharge in air. The LDA technique measuring on-axis velocity and gas velocity profile between electrodes. The experimental measurements seem to roughly corroborate the predicted behaviours concerning both the current dependence and the location dependence. The lack of agreement observed between the experimental results and the predictions could be attributed to two phenomena:
-mechanisms in the ionisation region (ring vortex flow) which influence the gas movement are not taken into account in the proposed model; -the seeding particles necessary for the gas velocity measurements with the LDA technique perturb the behaviour of the corona discharges.
Further work is recommended in several areas:
(i) improvement of the model by considering a more accurate current density distribution in the air gap; (ii) development of the proposed model for the on-axis velocity in which ring vortex flow near the point is considered, and measurement of the transverse velocity to evaluate the vorticity; (iii) study of the relative affect of the seeding particle on the behaviour of the corona discharges (humidity, entrainment process).
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